In our attempts to establish a cell-free DNA replication system for the yeast Saccharomyces cerevisiae, we have observed that recombinant DNA plasmids purified from Escherichia coll by a common procedure (lysozyme-detergent lysis and equilibrium banding in cesium chloride ethldium bromide gradients) often serve as templates for DNA synthesis by elongation enzymes. The templates could be elongated equally well by enzymes present in the yeast cellfree extracts, by the large proteolytic fragment of J5. coll DNA polymerase I or by T4 DNA polymerase. The template activity of the purified plasmids was dependent on the presence of heterologous DNA segments in the bacterial vectors. The template activity could be diminished by treatment with alkali. We propose that the ability of recombinant plasmids isolated from bacterial hosts to serve as elongation templates may lead to erroneous conclusions when these plasmids are used as templates for ln_ vitro replication or transcription reactions.
INTRODUCTION
Chromosomal DNA replication in the yeast Saccharomyces cerevlsiae is similar to that observed in the cells of higher eukaryotic organisms (1,2).
This makes yeast a favorable model organism for the study of eucaryotic DNA replication since it is well suited for detailed genetic and biochemical experimentation. Recently, several investigators have attempted to isolate replication origins using recombinant DNA techniques using yeast as a test organism. Many eucaryotic ^utomously £eplicating sequence (ARS) elements from yeast (3, 4, 5) as well as from other organisms (6,7) have been Isolated and described. It has been hypothesized that ARS elements, which promote high frequency transformation and extrachromosomal maintenance of recombinant DNA plasmids in yeast, are serving as the initiation sites for DNA replica- Control of the replication of 2 um DNA is also similar to that of chromosomal DNA (11) . It exists in high copy number and replicates under nuclear control once per molecule per cell division early in S phase (12) . It Is stable mltotically and meiotically and has been completely sequenced (13) . The 2 Um DNA plasmid is another attractive model template for development of eucaryotic in vitro DNA replication systems.
An early in vitro system, using 2 Um DNA as its template, described by Jazwinski et_ al^ (14) indicated that intact circular product molecules were produced. The results also suggested that the activity stimulating 2 ym DNA replication In vitro might be subject to control by the yeast cell cycle.
Scott (15) reported the preferential utilization of a DNA fragment containing ARS1 as template (in comparison with an adjacent yeast chromosomal fragment of similiar size) in extracts prepared as described by Jazwinski and with modifications. However, the system was not specific since bacterial plasmid fragments were also efficiently utilized. Kojo et_ al. (16) developed another in vitro 2 pm DNA replication system and apparently identified the origins and directions of replication of both native 2 Um DNA and a chimeric plasmid containing the 2 Um DNA. Celniker and Campbell (17) have reported a sitespecific ^n vitro system for initiation of replication on ARSl-contalning plasmids. A similar study of DNA replication Iji vitro In an extract prepared from unfertilized eggs of Xenopus laevis has also been described (18) . These results suggest that DNA replication is initiated at a specific site or sites on the eukaryotic DNA segment of chimeric DNA plasmids and usually proceeds bidirectionally.
Recombinant DNA plasmids have become a heavily utilized source of template DNA for both DNA and RNA synthesis in vitro. Their small size, well defined sequences and availability in large quantities in purified form from inexpensive bacterial sources have made them especially tractable. In some applications the templates are used to simply provide highly radioactive hybridization probes produced by nick-translation. In those cases the initiation of DNA synthesis occurs at nicks in the template which either preexist or are produced by low levels of non-specific endonuclease treatment.
Thus, low levels of adventitious primer fragments base-paired to the template plasmlds or other activation for elongation would be of no concern. However, it has become increasingly popular to use such plasmids as templates in reactions designed to test for initiation of replication or transcription at specific functional sites. In these applications, the presence of adventitious primers or other template activation would clearly present a confusing and disadvantageous situation.
In this paper, we describe various methods for yeast crude extract preparation, either published previously (16) or developed in our laboratory, which we have used to study DNA synthesis jji vitro. Apparent ARS-dependent DNA synthesis was observed; however, the synthesis could be mimicked by using the large fragment of Z. (30) , cell pellets were thawed and lysed in a buffer solution containing lysozyme (2 mg/ml), 15% sucrose, 6 mM EDTA, 30 mM Trls-HCl (pH 8.0) on ice for 20 min. A second solution of equal volume containing 1% Triton X-100, 62.5 mM EDTA, 5 mM Tris-HC1 (pH 8.0) was added. The lysate was gently inverted (5x) and incubated on ice for 5 min. The cell debris and large DNA were removed by centrlfugation. Plasmid DNA was purified from the supernatant by banding twice in a CsCl/ethldium bromide gradient in a Beckman Ti 70 rotor at 40,000 rpm and 17°C for 40 hr. The ethidium bromide was removed by extraction with 2-propanol and the DNA was recovered by dilution (4 fold) with 10 mM Tris-HCl, pH 7.5, 1 mM EDTA followed by precipitation with 2 volumes of 2-propanol. In method (II) plasmid DNA extracts were prepared by a scaled-up version of an alkaline procedure for mini-lysates published previously (31) . The covalently closed circular plasmids extracted from 500 ml or 1 liter cultures of E_. coli cells were then purified as described for method I. This indicated that the extract exhibited little nick-translation activity.
Incorporation directed by pMTl and pJDB219 was comparable in extent when corrected for plasmid size. The YRp7 template was less active than pMTl, but still directed 2-3 fold more synthesis than its parent vector pBR322. These results were suggestive of in vitro DNA replication of recombinant plasmids dependent on the presence of either 2 ym ARS or ARS1 of j^. cerevisiae, as had been reported by others using comparable systems (14, 16, 17) .
Comparison of yeast cell-free extracts and purified enzymes for in. vitro DNA synthesis activity: Detailed examination of the 2 ym ARS and ARS1 dependent reactions with various crude extract preparations and enzymes was carried out (Table I) . Both reactions (a) and (b) in Table I exhibited what appeared to be highly ARS dependent DNA synthesis in yeast extracts. Our procedure to prepare yeast crude extracts consisted of cell lysis followed by precipitation of proteins by slow addition of solid ammonium sulfate, with stirring, on ice, to 50% saturation. The precipitated proteins were pelleted by centrifugation and resuspended in ice cold buffer containing 45% saturated ammonium sulfate. After the precipitated proteins were well dispersed, the remaining precipitate was collected by centrifugation. The resulting "back- Some modifications of lysis conditions, i.e. with or without detergent 3.0 --
1.0
All reaction incubations were at 30°C for 20 minutes as described in Methods. Plasmid sources are referenced in Methods. Reactions were stopped by spotting a aliquot on 0E-81 paper. All product quantities were normalized to a 0.1 ml reaction volume equivalent. (-) a not determined. All plasmids were purified from E. coli which had been amplified with chloramphenlcol and were prepared by the triton sucrose method I as described in Methods. They are marked (AI) to distinguish them from plasmids prepared by other methods shown In Table II (Table II) . We also observed that elongation template activity of purified plasmids could be reduced approximately 50% by treatment at pH 12.2 followed by neutralization and precipitation (data not shown). These results support the proposal that the DNA synthesis in yeast crude extracts was due to elongation of pre-primed or activated DNA templates by yeast repllcatlve enzymes. Apparent ARS-dependent activities were observed for all of the various yeast extract preparation methods tried. However, the ratios of DNA synthesis using the large fragment of J2. coll polymerase I with various templates were comparable to those observed using the yeast extracts on each set of templates.
Properties of in vitro primer-dependent or activation-dependent DNA synthesis using pMTl template prepared by Method I: Incubation of pMTl DNA with a yeast crude extract resulted in incorporation of labeled dTMP into DE-81-bound material. After an initial burst of incorporation, the extent of the Yeast extracts and reaction conditions were identical to those described in the Table I legend. All of the extracts were stored at -80 fl C for several weeks between the time the assays in Table I and those above the dotted line In this table were done, and when the assays below the dotted line were done. This storage period resulted in a lower level of activity of the extracts being observed in the later assays. The Yp412-URA3 and Yp414-URA3 plasmids consist of deletion derivatives of YRp7 where one or the other of two portions of the yeast TRP1 ARS1 fragment and a portion of pBR322 have been replaced by a yeast URA3 1.1 kb fragment. Yp412-URA retains ARS1 in functional form while Yp414-URA3 does not. Plasmid DNA templates were prepared from E^. coll amplified with chlorauphenlcol by alkaline method II marked (All), or without amplification by chloramphenicol using trlton lysis method I marked (UI) or by alkaline method II marked (UII) as described in Methods. TRP1 RI Circle was prepared from yeast essentially as described previously (9) . The pJDB219 template marked (AI) was chloramphenlcol amplified and prepared by Method I and was the same as in Table I . activity of DNA synthesis shown in Table I , i.e. pJDB219 > pMTl > YRp7. The autoradiographic density with pMB9, pML2 or pBR322 templates containing only 12. coli plasmid DNA was negligible.
Analysis of templates on agarose gels before and after the DNA synthesis reactions verified that the templates were not degraded or nicked to a major extent during the reactions (Figure 3 ). When DNA synthesis was carried out using crude yeast extract the templates were partially relaxed in a stepwise fashion during the course of the reaction (Figure 3, panel A) . This indicated that the bulk of the template DNA remained intact, with little nicking or degradation occuring. The partial relaxation observed was probably due to topoisoraerase activity present in the yeast crude extract. In reactions using the large proteolytic fragment of J2. coli DNA polymerase I the bulk of the templates were essentially unchanged following a 20 min reaction ( Figure   3, panel B) . One exception was the observation of a small amount of the pBR322 (ARS-) template being converted to linear form by some unknown means while the bulk remained supercoiled. No such production of linear forms was observed for the other templates. This analysis also demonstrated a lack of any obvious differences in the electrophoretic behavior of plasmids which were active templates for elongation and those which were not, other than differences due to size.
DISCUSSION
We have described DNA synthesis reactions In yeast cell-free extracts dependent on addition of template DNA. The basic profiles of DNA synthesis for various extract preparations relative to DNA templates used were similar to one another (Table I ). These data suggest that the proteins essential for DNA elongation synthesis were included in the yeast extract preparations used. The reaction products have been examined by agarose gel electrophoresls and the bulk found not to be covalently attached to the template, Indicating that nick-translation and gap filling were negligible. The DNA synthesis observed in our work appeared at first to represent de-novo initiation of DNA replication iji vitro due to its supposed dependence on the presence of an ARS in the template DNA. However, our more recent observations make it unlikely that a significant portion of the synthesis observed was dependent on initiation and may jeopardize the previous conclusions (16, 18, 32) that ARS-dependent DNA synthetic activities represented initiation of DNA replication.
We have shown that the bulk of the labeled product DNA in our reactions were in the form of small fragments which were not retained by the template even when examined by non-denaturing methods such as agarose gel electrophoresis in pH 8.0 buffers. This is a common observation in eukaryotic in vitro DNA synthesis systems; others have suggested that It may be due to the small average size of discontinuous synthesis products coupled with the absence of a complete fragment joining system in the extracts (25) . We have found that the product DNA is homologous to the template by hybridization analysis, but we have no evidence for preferential initiation at any particular site or sites on the supercoiled plasmid templates (data not shown). Our observation that the bulk of incorporation was dependent on the presence of a yeast template segment (2 ym DNA, the ARS1-TRP1 fragment, or the HIS3 fragment), but was not site specific, could be taken to imply that the required sequence was a loading site for the replication Initiation apparatus. Alternatively, it may be required for the retention of base-paired oligonucleotides (DNA or RNA) which could provide a primer for synthesis by any DNA polymerase or for some other unknown activtion mechanism. We consider the priming or activation explanation more likely since the synthesis could be accomplished by an 12. coll elongation polymerase alone in the absence of yeast extract.
All of our crude yeast extract preparations exhibited extensive DNA synthesis on the 2 \jm ARS template pJDB219 prepared by lysozyme-detergent lysis (Method I), but little or no synthesis on the parent vector pMB9 template prepared by the same method. The ARS1 template YRp7 yielded 2 to 4 fold higher incorporation of labeled precursors than its parent vector pBR322 using the same quanlty of template. The reaction was very meager in comparison with that observed with pJDB219 template. However, our data reproduces the previously reported observations of Kojo «_ a_l. (15) , who found that their extracts were very active on the 2 Vm ARS template pJDB34 (a close relative of pJDB219), but were only weakly active on YRp7. Interestingly, when we used the ARS1 plasmid pMTl as template DNA, we found that it was as active as pJDB219, while pML2 template (the vector from which pMTl was con- (16, 18) , if the primer fragments are retained at preferred sites and serve as starting points for longer product DNA strands in those systems. The alignment of replication bubbles observed in the electron microscope may be site-specific, but In at least some cases may represent preferred abortion sites, rather than true de novo initiation events. A major weakness of this scheme Is that leading strand starts should all occur from the ColEl origin. However, lagging strand starts might occur at several different sites.
The possible presence of primers in the template DNA cannot explain our previous observation of preferential template activity of an ARS1 yeast DNA fragment, since the preference was not observed when the template was labeled by end-filling using the large fragment of £. coli DNA polymerase I (15).
Other workers have also observed a low level of apparent site-specific Initiation using templates which they verified to have low elongation template activity (17) or which were prepared directly from yeast (14) . Thus, it is still possible that a small amount of true initiation may occur in some of the in vitro systems which use naked DNA templates, but this can be easily obscured by the presence of primers in or other activation of the template. Since elongation reactions catalyzed by RNA polymerases can be stimulated by primer termini as well (33, 34) , primers retained In template plasmids used for in vitro transcription studies may also result in confusion-.
In our experience, preparation of the plasmids by alkaline treatment of the lysate yielded recombinant DNA templates having no Increased elongation template activity when compared with vector DNA prepared by the same method.
Several other preparation methods have also been found to yield templates containing little or no elongation template activity, Including Triton X-100 lysis of 12. coll cells grown without chloramphenicol amplification. We have also observed that elongation decreased approximately 50% when plasmids exhibiting template activity were treated at pH 12.2 as purified DNA. However, while these preparations contain a much lower amount of template activity, they all exhibit at least some small amount of residual activity for the elongation polymerases alone.
It is therefore of utmost importance that all researchers who make use of recombinant DNA plasmids as templates for iji vitro transcription or replication investigations prepare plasmid DNA using methods which disfavor retention of adventitious primers or other activation. In addition, since many of the reactions in these systems are quite inefficient, frequently utilizing only a few percent of the template molecules, it is necessary to verify that each template preparation does not contain endogenous elongation template activity in detectable amounts, and that the initiation events observed are insensitive to pre-treatments of the templates which would be expected to disrupt primer association or other activation of the template molecules.
